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We report NMR and Mo¨ssbauer studies along with DFT calculations of Nb1−xTixFeSb (0 6 x 6
0.3), one of the most promising thermoelectric systems. These studies provide local information
about defect changes and atomic configurations in these heavily p-type materials. The NMR spin-
lattice relaxation rate is dominated by an orbital contribution rather than spin contribution, which
provides a good measure of states within the valence band. The changes of effective mass and carrier
concentration for different substitution fractions indicate the importance of deep resonant states.
Both the measured Knight shift and chemical shift are significantly larger than expected, which we
discuss in terms of an enhancement of Pauli susceptibility and Van Vleck susceptibility due to a
Coulomb enhancement mechanism. The Mo¨ssbauer spectra of Ti-substituted samples are analyzed
to show small departures from a binomial distribution of substituted atoms, while for unsubstituted
p-type NbFeSb, the amplitude of a Mo¨ssbauer satellite peak increases vs temperature, showing a
T -dependent charging behavior of defects and the corresponding impurity band located around 30
meV above the valence band.
I. INTRODUCTION
The half-Heusler family, as one of the most fascinating
intermetallic systems, has gained considerable attention
in recent years due to their extraordinary thermoelectric
performance and unconventional topological properties.
Half-Heusler materials have a general formula XY Z (X
representing one of the (III-V)B element, Y a transition
metal of the VIIIB , and Z a tetrel or pnictogen element)
[1–3] with crystal structure shown in Fig. 1, and can be
formally derived from the cubic Heusler phases XY2Z
by removing one of the two equivalent Y atoms, leading
to a structural vacancy. The ideal valence electron con-
centration (VEC) of half-Heusler compounds is 8 or 18
electrons per formula unit [4–8], with semiconducting or
semimetallic behavior often observed with VEC = 18 [2–
5, 9]. With a rich combination of chemical elements, this
feature leads to interesting properties, from nonmagnetic
semiconductors to ferromagnetic half metals, as well as
other anomalous behavior, including strongly correlated
electrons and topological insulator behavior [10–12].
Within the discovered half-Heusler systems, NbFeSb
has recently been of particular interest due to its ex-
cellent thermoelectric performance within the realm of
earth abundant thermoelectric materials [13]. With
various elements doped or substituted, NbFeSb-based
semiconductors exhibit a large power factor, above 100
µWcm−1K−2 [13–15]. Defects can control the transport
properties of half-Heusler compounds, thus enabling the
electronic behaviors to be tuned. However, native defects
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can also counteract the desired effects or otherwise de-
grade the electronic response. The defect issue has been
explored experimentally for several compounds, such as
ZrNiSn and TiCoSb [16–18]. With multiple elemental
substitutions, a number of different types of half-Heusler
alloys have been designed and shown to have high figures
of merit (ZT > 1.5) [19–22]. Based on these high-ZT
half-Heusler alloys, thermoelectric generators thus have
the potential to reach a high power-conversion efficiency
[21–23], enhancing the prospect of future thermoelectric
applications.
To analyze the underlying electronic and magnetic
properties of Nb1−xTixFeSb, we performed
93Nb and
121Sb NMR and 57Fe Mo¨ssbauer measurements as lo-
cal probes for all sites aiming at a better understand-
ing of these materials. From NMR measurements, we
demonstrate the metallicity at the measured tempera-
ture range and Korringa relation in these substituted
materials. Mo¨ssbauer spectra are mapped to different
nearest-neighbor configurations of Fe atoms.
II. EXPERIMENTAL AND COMPUTATIONAL
METHODS
Raw elements (Nb pieces, 99.9%, and Sb broken rods,
99.9%, Atlantic Metals & Alloy; Fe granules, 99.98%,
and Ti foams, 99.9%, Alfa Aesar) were weighed stoichio-
metrically, and arc melted multiple times to form uni-
form ingots. The ingots were then ball milled (SPEX
8000M Mixer/Mill) for 3 h under Ar protection to pro-
duce nanopowders. The powders were then consolidated
into disks via hot pressing at 80 MPa for 2 min at 1373
K. This process has been shown to yield uniform sam-
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TABLE I. Substitution fraction (x), sample designation (label), actual chemical composition (from EPMA analysis), measured
room-temperature carrier concentration (p) from Hall measurements and theoretical carrier concentration (ptheo).
x label Actual composition p (1020 cm−3) ptheo (10
20 cm−3) p/ptheo
0 NbFeSb-1050 NbFeSba 0.9a - -
0.05 Ti(0.05) Nb0.94Ti0.05Fe1.01Sb0.99b 8.1b 9.5 0.85
0.1 Ti(0.1) Nb0.89Ti0.1Fe1.00Sb0.99b 15.2b 19 0.80
0.2 Ti(0.2) Nb0.8Ti0.2Fe1.02Sb0.99b 25.7b 38 0.68
0.3 Ti(0.3) Nb0.69Ti0.3Fe1.02Sb0.98b 30.3b 57 0.40
a From Ref. [24].
b From Ref. [13].
Fe
Nb/Ti
Sb
FIG. 1. Crystal structure of Ti-substituted half-Heusler
Nb1−xTixFeSb, showing site occupations.
ples with high power factors [13]. In this work, we de-
note Nb1−xTixFeSb as Ti(x) (x = 0.05, 0.1, 0.2, 0.3). We
also studied an unsubstituted sample, which is one of the
samples described previously [24], annealed at 1323 K
(sample NbFeSb-1050).
Substitution fractions, actual chemical compositions
and carrier concentrations of all samples are listed in
Table I. Room-temperature carrier concentrations were
measured by Hall measurements [13] and shown to be
p-type. Half-Heusler materials normally follow an 18-
electron stability rule, and the balanced composition
NbFeSb satisfies this criterion and is found to be a semi-
conductor. Cation substitution in the range (Nb1−xTix)
leads to heavily p-type samples because Ti lacks one elec-
tron compared with Nb. In these samples, as expected,
higher Ti fraction produces higher hole concentration,
however the ratio of the measured charge density to the
theoretical charge density becomes smaller with larger x
as further discussed below.
Magnetic measurements were performed using a Quan-
tum Design MPMS superconducting quantum interfer-
ence device magnetometer. 93Nb and 121Sb NMR ex-
periments were carried out by applying a custom-built
pulse spectrometer at a fixed magnetic field 9 T using
shift standards NbCl5 and KSbF6 in acetonitrile respec-
tively, with positive shifts here denoting paramagnetic
sign. Mo¨ssbauer spectra were measured at several tem-
peratures in the range 80-323 K on a conventional con-
stant acceleration spectrometer (WissEl) equipped with
a Co-57 source in rhodium matrix 35 mCi in activity.
The spectrometer was calibrated using an α-iron foil at
room temperature. Samples were prepared from fine
Nb1−xTixFeSb powders with the density of 18 mg of Fe
per cm2 uniformly distributed as a thin layer over sample
holder. For low-temperature measurements, the samples
were mounted on a cold finger of a helium continuous-flow
cryostat CFICEV-MOSS, ICE Oxford, UK. The temper-
ature of the sample was controlled within ±0.5 K over
the whole temperature range. The observed spectra were
least-squares fitted with the assumption that line shapes
are Lorentzian to yield the hyperfine parameters: isomer
shift (IS) and quadrupole splitting (QS). Isomer shifts
were referred to α-Fe at room temperature.
Density functional theory (DFT) calculations were per-
formed with WIEN2k [25] using Perdew, Burke, and
Ernzerhof (PBE) exchange-correlation potential, and a
k-point grid of 10 × 10 × 10, and lattice constants from
the experimental values [24]. In calculations done with-
out including spin-orbit coupling, a semiconducting gap
of 0.54 eV was obtained. This can be compared to 0.51
eV obtained from transport measurements at high tem-
peratures [13]. For the VB maximum at the L point, we
also obtained an effective mass meff = 4.9me by fitting
the density of states over a range up to 0.1 eV below
the band edge. For 93Nb NMR chemical shifts the zero
offset was calibrated by a separate shift calculation for
LaNbO4 and for YNbO4, and then adjusted based on the
previously reported shifts [26] to the standard reference
(NbCl5 in acetonitrile). Since chemical shift are less well
studied for 121Sb, we did not find a comparable solid com-
pound with which to calibrate the computational 121Sb
zero offset. We also performed a similar set of calcu-
lations with spin-orbit coupling included but found that
the results are relatively insensitive to spin-orbit coupling
– we found for example that with spin-orbit coupling the
relative effective mass increases from 4.9 to 5.0, while the
calculated 93Nb chemical shifts changed by less than 60
ppm.
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III. EXPERIMENTAL RESULTS
A. NMR measurements
1. Line shapes
Fig. 2 shows the 93Nb and 121Sb NMR line shapes of
the Ti(x) samples obtained from the fast Fourier trans-
form of the spin echo using a standard pi/2-τ -pi sequence.
Also superposed are the resonances for the x = 0 sam-
ple NbFeSb-1050 with a much smaller room-temperature
carrier concentration (p = 9× 1019 cm−3) [24]. It can be
seen from the superposed spectra that there is a small sig-
nal due to pure-phase NbFeSb, which appears only for the
Ti(0.05) substituted sample. The resonances for both nu-
clei become broader and move to lower frequencies when
the substitution fraction increases. These effects are due
to a combination of Knight shifts and chemical shifts, as
discussed below.
The increasing line width vs x is due to a superpo-
sition of local environments at Nb and Sb sites. For
Nb, the first and second neighbor shells are composed
of Fe and Sb ions respectively, so it is only starting with
the third shell that the (Nb, Ti) substitution produces a
distribution of local environments. Correspondingly, for
Sb the first neighbor shell consisting of Fe ions is fixed,
while the second neighbors will include a distribution of
(Nb, Ti) ions. This leads to relatively symmetric local
environments, with a large number of (Nb, Ti) configu-
rations contributing to the observed line widths. Since
the widths scale nearly proportionally to the differences
in NMR shift relative to NbFeSb, with the Sb widths and
shifts considerably smaller, we surmise that the widths
are due to a quasi-random superposition of chemical and
Knight shifts. As quadrupolar nuclei, it is also possi-
ble for a second-order quadrupole contribution to con-
tribute to the mean shift, however with this mechanism
contributing a small fraction of the observed widths this
contribution will be small. For example, Nb oxides hav-
ing a nearly symmetric first-neighbor shell are found to
have 93Nb quadrupole parameters νQ less than 1 MHz
[26], which would yield [27] a mean shift contribution
of about 50 ppm. This is 2% of the mean shift for the
Ti(0.3) sample, and is presumably an upper limit, so we
neglect such contributions in analyzing the relative shifts.
The result is a sum of anisotropic Knight shift (K) and
chemical shift (δ) with δ due to the orbital susceptibil-
ity and K associated with the spin susceptibility of the
carriers.
2. Shifts
The 93Nb and 121Sb first moments for all samples, mea-
sured at room temperature, are shown in Fig. 3(a). These
are the center-of-mass isotropic positions of the measured
spectra. For samples sufficiently doped to exhibit metal-
FIG. 2. Room-temperature 93Nb (black) and 121Sb (gray)
NMR line shapes for Ti(x) (x = 0.05, 0.1, 0.2, 0.3) samples.
The 93Nb spectrum of NbFeSb previously reported [24] is
shown in blue solid curve for comparison with Ti-substituted
NbFeSb, and a 121Sb spectrum is also shown measured for the
same sample in red. Dashed lines show the shift positions of
sample NbFeSb-1050 [24].
lic behavior, K can be given generally as,
K ≡
∆ν
ν0
=
HHFχP
µB
, (1)
where HHF is the relevant hyperfine coupling field con-
stant and χP is the Pauli electron spin susceptibility per
atom, g(EF )(geff/2)µ
2
B. geff is the effective g-factor due
to spin-orbit coupling, which can modify the energy split-
ting and also K. For s-character conduction electron
states, the dominant hyperfine interaction will be Fermi
contact. However, with d electrons dominant here, the
core polarization hyperfine field HCP is the relevant spin
coupling with the dipolar spin contribution to K vanish-
ing in cubic symmetry. Note also that we assume spin-
orbit coupling effects are small in these materials. As a
result, K can be expressed as
K = gpartial(EF )(
geff
2
)µBHCP, (2)
where gpartial(EF ) is the Fermi-level partial density of
states for the atom containing the nucleus being mea-
sured.
In an effective mass approximation, which is often ap-
propriate for semiconductors, it is found in the metallic
limit,
g(EF ) = meff
(3pi2n)1/3
pi2~2
Vf.u., (3)
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FIG. 3. (a) Total shifts of 93Nb and 121Sb vs p1/3 at room temperature, where p is the measured hole density. Dashed lines
are the fits to the experimental data described in the text. Open symbols: NbFeSb-1050 sample. (b) Temperature dependence
of relaxation rates for 93Nb in Ti(x) samples, indicated by squares, triangles, circles, and diamonds for x = 0.05, 0.1, 0.2, 0.3
respectively, with fits to metallic behavior as described in the text. (c) 93(1/T1T ) vs p
2/3 at room temperature with fit to
constant effective mass behavior. Also shown: p/ptheo vs p
2/3.
where meff is the thermodynamic effective mass, n is the
carrier density and Vf.u. is the volume per formula unit.
Thus substituting Eq. (3) into Eq. (2), K should scale
as p1/3. As shown in Ref. [28], the chemical shift of
Cd1−xZnxTe is linearly dependent on x, indicating a lin-
ear relationship between substitution fraction and chem-
ical shift similar to other properties often observed in
semiconductor alloys. δ(x) is thus assumed to be lin-
early dependent on the substitution fraction of Ti. We
therefore model the shift as,
(Total Shift) = K(p) + δ(x)
= A · p1/3 +B · x+ C
(4)
where A = (3pi
2)1/3
pi2~2 (
geff
2 )meffµBHCP and C represents the
baseline shift, corresponding to the Fermi level at the
mid-gap for pure NbFeSb. Fitted curves are shown in
Fig. 3(a) corresponding to the total 93Nb and 121Sb shifts
fit to Eq. (4). This yields the fitting parameters for Nb
A = −1.5× 10−4 cm, B = −3352 and C = 4607; and for
Sb A = −8.8× 10−5 cm, B = −256 and C = 2149, all in
ppm shift units.
The fitted results indicate a large 93Nb chemical shift
of δ = 4607 ppm for NbFeSb, decreasing rapidly vs x.
The x = 0 result is 600 ppm larger than previously ob-
tained [24] since here we are able to better separate the
Knight shift part of the shift. The 93Nb shifts are quite
large; the calculated 93Nb chemical shift, with the off-
set for the reference standard calibrated against LaNbO4
and YNbO4, is δ = 3220 ppm, a considerably smaller
value. A similar calculation for the semi-Heusler com-
pound NbCoSn yielded a 93Nb chemical shift of 2585
ppm, in much closer agreement with the measured value,
δ = 2849 ppm [29]. The fitted results also indicate a
256 ppm reduction in 121Sb chemical shift going from
NbFeSb to TiFeSb. In comparison, the 121Sb chemical
shifts calculated using the WIEN2k package decrease by
132 ppm, following the same trend vs substitution as the
measured results. However, the 93Nb result exceeds the
usual range of reported shifts, and here we see that it is
significantly larger than obtained by DFT.
3. Spin-lattice relaxation rates
The 93Nb spin-lattice relaxation rate, denoted as
93(1/T1), was measured using the inversion recovery
method in the T range of 77-290 K. The recovery of the
93Nb central-transition magnetization can be expressed
as
M(t)−M(∞)
M(∞)
= −2α(0.152e−
t
T1 + 0.14e−
6t
T1
+ 0.153e
−
15t
T1 + 0.192e
−
28t
T1 + 0.363e
−
45t
T1 ). (5)
Here, M(t) is the measured signal at the recovery time
t. Each experimental T1 value was obtained by a fit to
this multi-exponential recovery curve. For all studied
compounds, the 93(1/T1) results exhibit a constant T1T
behavior, indicating a metallic-type relaxation process as
shown in Fig. 3(b) confirming that these compositions be-
have like metals. In the case that an effective mass treat-
ment is appropriate, from an analysis similar to what is
given above for K one finds that 1/T1K should scale as
p2/3. As shown in Fig. 3(c), 93(1/T1K) of the Ti(x) sam-
ples follows a linear dependence on p2/3 for smaller p,
although there is an enhancement for large p, which is
further discussed below.
v(a) (d)
(b)
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FIG. 4. (a) 57Fe Mo¨ssbauer spectra for unsubstituted NbFeSb-1050 sample with least-squares fits described in the text plotted
as solid curves. Velocities are relative to metallic iron (α-Fe). Error bars are too small to be seen. The overall fitted curve
and the two fitted peaks are plotted separately. (b) Shift vs temperature for the main peak and satellite peak in NbFeSb-1050
Mo¨ssbauer spectrum with Debye model fit. (c) Charged defect concentration of NbFeSb-1050 vs temperature from fit of satellite
peak. (d)57Fe Mo¨ssbauer spectrum of Ti(0.3) and Ti(0.05) samples. Solid curves are fits for local environments of Fe atoms as
shown. 3Nb-1Ti and 4Nb-0Ti configurations are negligible for Ti(0.05) due to their small contribution to the spectrum.
B. Mo¨ssbauer measurements
Fig. 4(a) shows Mo¨ssbauer spectra for the unsubsti-
tuted NbFeSb-1050 sample at 80 and 295 K. Both spectra
show no sign of magnetic splitting. Least-square fitting
curves are also shown in the figure. In both cases, a
good fit was obtained using two Voigt lines, including a
main peak and a small satellite with about 0.5 mms−1
larger shift. The line widths thus determined are nearly
temperature independent, with FWHM 0.302 mms−1 for
the main line at 295 K, increasing to 0.318 mms−1 at 80
K. These small line widths indicate a lack of inhomo-
geneous broadening, showing NbFeSb to be well-ordered
in the half-Heusler structure. The T -dependent shifts
for the two fitted peaks are shown in Fig. 4(b), gradu-
ally decreasing with temperature increasing. The main
line shift is 0.089 mms−1 at 295 K and 0.194 mms−1
at 80 K. These results are very similar to the results re-
cently reported [30] for an n-type NbFeSb sample. A fit
to a standard second-order doppler relation [31], shown
in Fig. 4(b), yields θD = 488(6) K, and a T = 0 iso-
mer shift δI = 0.199 mms
−1. While it is possible for δI
to have a small temperature dependence, comparison to
θD ∼= 380 K obtained from specific heat measurements
[24, 32] apparently reflect a larger vibrational displace-
ment for the Fe ion, producing the change in Mossbauer
shift, vs specific heat which measures essentially an av-
erage vibrational displacement.
The amplitude of the fitted small satellite changes vs
T , indicating a change in the charge state of a native
defect vs temperature. Fig. 4(c) shows the spectral area
of the satellite peak, as a percentage of the main peak
area, corresponding to the relative concentration of Fe
ions participating in these defects. When temperature
increases, the defect concentration shows an upturn cor-
responding to the excitation of carriers out of the defect
level. The result was fit to the acceptor density function
[33],
N+a =
NA
1 + 4 · e∆/kT
, (6)
assuming each neutral acceptor contains two electrons
with opposite spins and the state with no electron is pro-
hibited, and where ∆ is the energy difference between de-
fect level and chemical potential. The fitting [Fig. 4(c)]
gives ∆ = 30 meV. This is in good agreement with the
result previously obtained from NMR [24], in which the
spin-lattice relaxation rate of NbFeSb also shows a sharp
increase close to room temperature. This confirms the ex-
istence of a large density of shallow defects located about
30 meV above the valence band in the p-type samples.
vi
Figs. 4(d) shows the 57Fe Mo¨ssbauer spectra of Ti(0.3)
and Ti(0.05) respectively at room temperature. For Fe
atoms (4c sites) in Nb1−xTixFeSb alloys, 4 out of 8
nearest-neighbor sites are occupied by mixed Nb and
Ti atoms. Thus, the resulting spectra can be modeled
as superpositions of individual spectra for different local
configurations of these neighbor ions. The spectrum was
then fit to individual peaks with amplitudes correspond-
ing to a binomial distribution,
Pn(x) =
4!
n!(4− n)!
xn(1− x)4−n, (7)
for the probability of each Nb-Ti configuration. For the
Ti(0.3) sample, probabilities are 24, 41, 26, 7.6, and 0.8%,
for 0 through 4 Ti ions respectively, occupying the 4
Nb/Ti neighbor sites. However, after first fixing these
areas in the fit, we found that a better fit with good-
ness of fit (χ2) decreasing from 1.58 to 0.98 has a slightly
modified distribution, with the probabilities changed to
26.5, 44.8, 19.8, 8.0, and 0.9%, for the same neighbor
configurations, indicating a reduced probability for the
2Nb-2Ti configuration in favor of the others. This could
be an indication of the segregation of Nb and Ti neigh-
bors for larger substitution amounts. On the other hand,
for the Ti(0.05) sample, the standard binomial probabil-
ities, 81.4, 17.1, and 1.3% for 0 through 2 Ti-ion neigh-
bors respectively, with negligible contributions for 3 and
4 neighbors, worked very well in fitting the data. In
these fits, the 4Nb-0Ti neighbor peaks have very simi-
lar center shifts of 0.087 and 0.085 mms−1, for Ti(0.3)
and Ti(0.05) respectively, and these are very close to the
room-temperature shifts observed in the unsubstituted
sample. The increasing isomer shift for larger number
of Ti neighbors, for example 0.17 mms−1 for 2Nb-2Ti in
Ti(0.3), is an indication of enhanced d-electron transfer
to Fe in these configurations.
C. Magnetic measurements
The magnetic susceptibility (χ) of the sample with the
largest Ti concentration, Ti(0.3), is shown in Fig. 5(a),
for a fixed field of 1000 Oe. We fit the low-T data to a
Curie-Weiss function according to the standard relation-
ship, χ(T ) = C/(T−Tc)+χ0, where C = NAcp
2
effµ
2
B/3kB
is the Curie constant with c the concentration of mag-
netic ions and peff the effective moment. The results are
TC = −1.4 K and assuming peff = 3/2 (see below), a
dilute concentration c = 0.96% of these moments.
M vs H measurements confirm that the magnetic re-
sponse is due to dilute paramagnetic defects, as shown
at T = 5 K in Fig. 5(b) for sample Ti(0.3). To analyze
for the local magnetic moments, data were fit to
M = NAcgJµBBJ (x), (8)
where BJ(x) is a Brillouin function with x =
gµBJB
kBT
. As-
suming g = 2 expected for transition ions, we found that
(a)
(b)
FIG. 5. Magnetic measurements for sample Ti(0.3). (a) Sus-
ceptibility vs T from 3 to 100 K with fit described in text.
(b) M vs H measured at 5 K. Brillouin function fit is shown
with J = 1/2 and J = 5/2 curves for comparison.
J = 3/2 gives the best agreement [Fig. 5(b)]. Thus fixing
J = 3/2, the fit gives c = 0.008 per formula unit, which
agrees well with the value obtained from M -T measure-
ment.
The very small density of moments obtained here is
comparable to what was obtained in annealed unsub-
stituted NbFeSb samples [24], for example 0.002 per
formula unit in sample NbFeSb-1050. Thus we see
that there is almost no tendency for Ti substitution
to promote magnetic defect formation. Note also that
TeFe1+xSb semi-Heusler alloys [34, 35] close to the sta-
ble TeFe1.33Sb composition, with Fe interstitials which
balance the missing charge of the Ti ions to achieve 18-
electron balance, a large Curie-type response is observed.
However, the latter apparently corresponds to only a few
percent of the Fe sites, with the bulk of the material non-
magnetic, as confirmed by Mssbauer results [35]. It is in-
teresting that in the compositions studied here, even with
substitution of 30% Ti for Nb breaking the 18-electron
stability rule, there are not significant numbers of Fe
interstitials, based on the EPMA results. However, by
analogy with the TeFe1.33Sb results quoted above such
defects are likely to be nonmagnetic, and perhaps these
are the source of the band of defects indicated by the
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Mossbauer results. As before [24] a likely candidate for
the dilute-magnetic J = 3/2 defects would be Fe anti-
sites on Nb positions. Note also that a small paramag-
netic peak [24] might also be expected in the NMR 1/T1
[Fig. 3(b)], however here the relaxation rate is strongly
dominated by a larger 1/T1 contribution due to the car-
riers in the substituted samples.
IV. DISCUSSION
The observed variation in amplitude of the satellite
57Fe Mo¨ssbauer peak in NbFeSb is an unusual feature
corresponding to a relatively large density of defects. As
shown above, this is consistent with the existence of an
impurity band shown also in the NMR results [24]. The
temperature dependence of 57Fe Mo¨ssbauer absorption
area shows that the origin of the impurity band is Fe-
related, probably due to Fe interstitials [24].
Besides our work, Hobbis et al. [30] also reported 57Fe
Mo¨ssbauer spectroscopy of NbFeSb, however in contrast
with the p-type NbFeSb-1050 sample, their work focused
on n-type NbFeSb. For n-type NbFeSb, two extra small
doublets were observed with positions that differ from
that of our measured satellite (0.65 mms−1). These dif-
ferent behaviors indicate different types of defects, which
is reasonable given the different carrier types.
Comparing to other 57Fe Mo¨ssbauer results for differ-
ent materials within the half-Heusler family, for VFeSb,
only a single line was observed with an isomer shift of
∼0.05 mms−1 with no extra peaks [36]. In Ref. [35], 57Fe
Mo¨ssbauer of TiFe1.33Sb also shows two sets of peaks, a
doublet (main peak) with an isomer shift 0.108 mms−1
and a singlet with an isomer shift 0.211 mms−1(satellite
peak). These were matched to certain local atomic ar-
rangement close to Fe atoms, indicating nonrandomness
of Fe atoms on the 4d site. The larger shifts then ob-
served for NbFeSb are consistent with the results found
here for Nb1−xTixFeSb, with an isomer shift which is
enhanced as the number of Ti neighbors increases.
In transition metals, besides the contribution from the
spin moments of the conduction electrons, the orbital
contribution to the NMR relaxation caused by fluctuat-
ing orbital moments of the conduction electrons can also
make an important contribution to 1/T1. In this case,
the spin-lattice relaxation rate should be dominated by
two terms: (1/T1)total = (1/T1)orb + (1/T1)d, where the
first term is orbital contribution term (1/T1)orb and the
second is d-spin relaxation rate (1/T1)d.
For transition metals with cubic structure, the orbital
relaxation rate can be expressed in a general form [37],
(1/T1)orb = 2A
2pi
~
[γeγn~
2gNb(EF )〈r
−3〉]2kBT, (9)
where A = 10C(2− C) is a dimensionless quantity with
C the degree of admixture of Γ5 and Γ3 symmetry at
the Fermi level and 〈r−3〉 is the average over occupied d
orbitals which would be expected [38] for NbFeSb to in-
clude only local contributions. It was shown in Ref. [37]
that the orbital relaxation term for d-band metals reaches
a maximum with a specific admixture of d orbitals cor-
responding to Γ5 : Γ3 = 3 : 2. Our DFT calculation
shows that the ratio of atomic functions for NbFeSb is
t2g(Γ5) : eg(Γ3) = 68% : 32%, giving A = 9.8 close to the
maximum value 10, while for Nb, the calculated g(E)
near the VB edge is 14% of the total. Since, as shown
below, the orbital (1/T1)orb is found to dominate, we ex-
amine the dependence on Ti substitution. In Fig. 3(c),
the solid line uses Eq. (9) as a fitting function with g(EF )
expressed by Eq. (3). Using 〈r−3〉 = 1.84 × 1025 cm−3
[39], the fit [Fig. 3(c)] to low-substituted samples gives
meff = 4.6me in a good agreement with the calculated
meff = 4.9me for NbFeSb.
The core polarization contribution to the d-spin spin-
lattice relaxation rate in metals is
(1/T1)d = 2hkBT [γnHCPgNb(EF )]
2q, (10)
where the core polarization hyperfine field HCP is re-
ported to be −21 T [40] and q is a reduction factor which
is a function of the admixture of d orbitals. In the present
case, for nearly uniform occupation of the five d orbitals,
q ≈ 1/5 [40]. Using gNb(EF ) = 0.243 states/eV calcu-
lated as described above, Eq. (10) gives the spin con-
tribution (1/T1T )d = 0.016 s
−1K−1 with the value for
the low-substituted samples, meff = 4.6me, inserted in
Eq. (3). There is also a dipole spin contribution to 1/T1,
however for the large d-orbital degeneracy case, this can
be shown [40] to be much smaller than the orbital contri-
bution. These results show that the orbital contribution
is the dominant term in the spin-lattice relaxation pro-
cess.
For low-substituted samples, the solid line shown in
Fig. 3(c) is a fit to Eq. (9) yielding meff = 4.6me as
stated above. When the Ti fraction goes up to 30%, the
upturn of 1/T1T could correspond to an effective mass
increase to 5.5me. At the same time, there is a decrease
in the measured hole density relative to ptheo, as also
shown in Fig. 3(c). Non-parabolicity of the valence band
could explain the small increase in meff , however such
an effect would not be expected to affect the Hall-effect
results, at least in the spherical hole pocket limit. Thus,
we conclude that the presence of resonant states in the
valence band [41] becomes important for large x, an effect
which would explain both observed results. In this case,
for large x, the Fermi level moves more deeply into the
valence band encountering resonant states caused by Ti
substitutions. This effect could have significance for ther-
moelectric properties, however for smaller x, the agree-
ment between theory and experiment indicates that such
effects are not important near the band edge, and thus a
rigid-band effective mass model provides a good descrip-
tion for the less-heavily substituted compositions.
For Ti(x) samples, the measured Knight shift values
are also found to be larger than expected. For exam-
ple, the Knight shift contribution to the total shift for
viii
the Ti(0.3) sample is −2185 ppm from our fit. How-
ever, using gNb(EF ) = 0.243 states/eV obtained above
and the core polarization hyperfine field HCP = −21 T,
Eq. (2) gives K = −295 ppm. The Knight shift differ-
ence could be explained by a large geff in these samples,
or by electron-electron interactions which can also en-
hance the measured spin susceptibility and thereby the
Knight shift.
In addition to the observed large Knight shifts, the
93Nb chemical shifts (δ) also show relatively large val-
ues as note above. The DFT calculations give the 93Nb
chemical shift as 3268 ppm. However, as noted above the
fitted chemical shift for NbFeSb is 4607 ppm. The differ-
ence corresponds to an enhancement of the local orbital
hyperfine field which is due to a Van Vleck susceptibility
(χVV). In addition to the well-known enhancement of
the spin susceptibility, electron-electron interactions can
also lead to an enhancement of χVV [42, 43], thus yield-
ing a large chemical shift. Ref. [43] also pointed out that
orbital degeneracy is necessary for this effect which is al-
ready take into consideration in 1/T1T of these samples.
Thus, although the calculated distribution of d electrons
in the valence band for Nb and Fe provide good agree-
ment with the observed orbital T1, as a measure of the
local susceptibilities the NMR shifts demonstrate that
electron-electron interaction effects are relatively strong
for these states.
V. CONCLUSIONS
In this work, we have investigated the effect of de-
fects and substitutions of NbFeSb using local NMR and
Mo¨ssbauer probes. The spin-lattice relaxation rate is
found to be dominated by an orbital contribution with
the spin contribution being negligible, which provides
further information about the band-edge states for sub-
stituted samples. The effective mass and carrier con-
centration vs substitution reveal information about res-
onant levels. NMR shifts of Ti-substituted NbFeSb sam-
ples are well-explained by a model combining carrier-
concentration-dependent Knight shift and composition-
dependent chemical shift. Both the Pauli and Van Vleck
susceptibilities are significantly enhanced, and these re-
sults indicate the importance of electron-electron inter-
action contribution. The T -dependence of the satellite
peak in the unsubstituted NbFeSb Mo¨ssbauer spectrum
provides a direct measure of acceptor charging with the
corresponding impurity band located around 30 meV
above valence band edge, while the Mo¨ssbauer spectrum
of Ti(0.3) departures from binomial distribution, indicate
a small deviation from random substitution in the mixed
alloys, which reveals a possible segregation of 4a-site sub-
stitution atoms in half-Heusler materials.
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